In supersymmetric theories of nature the Higgsino fermionic superpartner of the Higgs boson can arise as the lightest standard model superpartner depending on the couplings between the Higgs and supersymmetry breaking sectors. In this letter the production and decay of Higgsino pairs to the Goldstone fermion of supersymmetry breaking and the Higgs boson, h, or gauge bosons, Z or γ are considered. Relatively clean di-boson final states, hh, hγ, hZ, Zγ, or ZZ, with a large amount of missing energy result. The latter channels provide novel discovery modes for supersymmetry at high energy colliders since events with Z bosons are generally rejected in supersymmetry searches. In addition, final states with real Higgs bosons can potentially provide efficient channels to discover and study a Higgs signal at the Fermilab Tevatron Run II.
Introduction
Supersymmetry (SUSY) provides perhaps the best motivated extension of the Standard Model.
Spontaneous SUSY breaking leads naturally to radiative electroweak symmetry breaking with masses of order the electroweak scale for the superpartners of the Standard Model (SM) particles. If the messenger interactions which couple the SM superpartners to the SUSY breaking sector are stronger than gravity, the lightest supersymmetric particle (LSP) is the Goldstone fermion of supersymmetry breaking, the GoldstinoG. The next to lightest supersymmetric particle (NLSP) is generally the lightest SM superpartner. If the intrinsic scale of supersymmetry breaking is below ∼ 10 3 TeV the NLSP can decay to its SM partner and the Goldstino on laboratory length scales [1] . This has an important impact on experimental SUSY signatures at high energy colliders. Since superpartners are generally produced in pairs, these decays give rise to final states with two hard partons and missing energy ( / E T ) carried by the Goldstino pair, and with possibly other partons in the final state from cascade decays to the NLSP [1, 2, 3] .
The identity of the NLSP determines the type of final states which arise from decay to the Goldstino [3] . A neutralino NLSP,χ 0 1 , which is gaugino-like, can decay byχ 0 1 → γG, leading to final states with γγ / E T . A slepton NLSP,l, can decay byl → ℓG, giving ℓℓ / E T final states.
In this letter we consider in detail the possibility of a fermionic Higgsino-like neutralino NLSP.
Because it is the superpartner of the Higgs boson, h, a Higgsino NLSP can decay byχ 
Higgsino decays and production
The HiggsinosH u andH d are fermionic superpartners of the Higgs boson fields H u and H d .
The neutral Higgsinos mix with the gaugino superpartners of the γ and Z gauge bosons, while the charged Higgsino mixes with the gaugino superpartner of the W gauge boson. In the limit relevant here, in which the gauginos are heavier than the Higgsinos, the two lightest neutralinos and lightest chargino,χ [3, 5] . This is illustrated in Fig. 1 the h and Z modes become important. The dependence on sgn(µ) and tan β apparent in Fig. 1 can be understood in terms of theχ 0 1 quantum numbers and couplings and will be presented elsewhere. The branching ratios also depend on theχ 0 1 mass through the phase space available to the h and Z modes which suffer a β 4 velocity suppression near threshold [3, 5] . So even a Higgsino-likeχ However, because of the strong phase space suppression near threshold there is a transition region which extends over a significant range of mass between these limits in which the mixed final states γh and/or γZ (depending on sgn(µ) and tan β) are important. These final states are particularly useful for masses in the transition region since the photon is quite hard.
The total cross section σ tot (pp →χ through neutral and charged current interactions. The partons from these cascade decays are relatively soft and probably not particularly useful at the trigger level.
Z boson final states
The final states with a Z boson can be significant for large tan β, or at small tan β with µ > 0.
The Z boson can decay invisibly, leptonically, or hadronically, Z → νν, ℓℓ, jj, leading to many possible signatures. The ee and µµ leptonic decays allow the possibility of precise reconstruction of the Z invariant mass, but suffer from small branching ratio, Br(Z → ee, µµ) ≃ 6.7%.
In contrast, the invisible and hadronic decay modes can be useful because of larger branching ratios, Br(Z → νν) ≃ 20%, and Br(Z → jj) ≃ 70%.
The γZ / E T di-boson mode dominates the total cross section in the transition region of masses as shown in Fig. 2(b) . Leptonic decay of the Z provides the cleanest final state, Invisible decay of the Z gives rise to the signature γ / E T . This channel has been studied in Run I as a probe for anomalous γZ couplings [8, 9] . Backgrounds include γj and jj with one jet faking a photon and in each case the remaining jet energy mismeasured to be below the minimum pedastool. The largest background in Run I was from single W production with W → eν and the electron misidentified as a photon. This background can be substantially reduced by raising the photon E T and / E T cuts above 50 GeV, beyond the Jacobian peak for W → ℓν [10] . This also reduces the hadronic background. The 3σ discovery reach in χ 0 1 mass should then approach 150 (185) GeV in Run IIa (IIb) for the parameters of Fig. 2(b) .
Hadronic decay of the Z in the γZ / E T mode gives rise to the signature γjj / E T . Backgrounds are similar to those of the γ / E T channel. The γjj / E T channel has been studied in Run I in order to place limits on squark and gluino masses in very specific supersymmetric models [11] . Further background suppressions not included in the Run I study are possible with acoplanarity, sphericity and invariant dijet mass cuts to reconstruct the Z boson, and a lepton veto. In any case, the total background is expected to be smaller than for the γ / E T channel, due to the presence of two additional hard partons. Given the significant Z hadronic branching ratio, the γjj / E T channel should provide somewhat better reach than the γℓ
The ZZ / E T di-boson mode dominates at largerχ 0 1 mass as shown in Fig. 2(b) . Leptonic decay of each Z boson gives rise to the spectacular signature Accounting for the tt background [13] , the 3σ discovery reach inχ 0 1 mass at Run IIb should approach 240 GeV for the parameters of Fig. 2(a) .
The hZ / E T di-boson mode arising from Higgsino decay is similar to direct hZ production.
Invisible decay of the Z gives the signature bb / E T , and would contribute slightly to searches for the SM Higgs boson in this channel. Leptonic decay of the Z gives the signature
Unfortunately, the dominant background from tt production with t → W b and W → ℓν with the ℓ + ℓ − pair reconstructing the Z mass, is very similar to the signal. Because of this, Run II is not expected to be sensitive to this channel. Hadronic decay with Z → bb gives the The total cross section times branching ratio contours for the γbb / E T and bbbb / E T channels as a function of the h andχ GeV. This is to be contrasted with the search for the SM Higgs from direct W h and Zh production. These SM channels are background limited, and no sensitivity to a Higgs mass beyond current limits is expected in Run IIa [14] . So the γbb / E T channel presents the interesting possibility for Run IIa of a SUSY signal which contains real Higgs bosons. The
Run IIb 3σ dicovery reaches quoted above for the γbb / E T and bbbb / E T channels correspond to signal times branching ratio cross sections of 1 fb and 4 fb respectively. For the parameters of Fig. 3 the maximum reach in Higgs mass then corresponds to just over 145 GeV and 115
GeV respectively.
In order to identify the Higgs boson directly in a sample of events arising from Higgsino decays it is necessary to observe a peak in the bb invariant mass. The identifiable di-boson final states and large / E T carried by the Goldstinos render the supersymmetric Higgs boson final states discussed here relatively clean. Reconstructing the Higgs mass peak should be relatively straightforward compared to SM W h and Zh production modes which suffer from much larger continuum bb backgrounds.
All the new signatures presented here involve hard photons, leptons, and/or b-jets, in association with significant missing energy. New triggers are therefore not required, but final state specific off line analysis should be implemented in order to search for supersymmetry and/or the Higgs boson in these interesting channels.
Finally, Higgsino decay with a measurable macroscopic decay length to the Goldstino would render all the di-boson final states discussed here essentially background free. A search for such final states requires a special analysis for displaced ℓ + ℓ − , jj, or bb with large invariant mass and approximately uniform angular distribution with respect to the beam axis [15] .
